Background Over the years, a trend has evolved towards operative treatment of flail chest although evidence is limited. Furthermore, little is known about operative treatment for patients with multiple rib fractures without a flail chest. The aim of this study was to compare rib fixation based on a clinical treatment algorithm with nonoperative treatment for both patients with a flail chest or multiple rib fractures. Methods All patients with ≥ 3 rib fractures admitted to one of the two contributing hospitals between January 2014 and January 2017 were retrospectively included in this multicenter cohort study. One hospital treated all patients nonoperatively and the other hospital treated patients with rib fixation according to a clinical treatment algorithm. Primary outcome measures were intensive care length of stay and hospital length of stay for patients with a flail chest and patients with multiple rib fractures, respectively. To control for potential confounding, propensity score matching was applied. Results A total of 332 patients were treated according to protocol and available for analysis. The mean age was 56 (SD 17) years old and 257 (77%) patients were male. The overall mean Injury Severity Score was 23 (SD 11) and the average number of rib fractures was 8 (SD 4). There were 92 patients with a flail chest, 37 (40%) had rib fixation and 55 (60%) had non-operative treatment. There were 240 patients with multiple rib fractures, 28 (12%) had rib fixation and 212 (88%) had non-operative treatment. For both patient groups, after propensity score matching, rib fixation was not associated with intensive care unit length of stay (for flail chest patients) nor with hospital length of stay (for multiple rib fracture patients), nor with the secondary outcome measures.
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Background
Multiple rib fractures are the most common type of thoracic injury and are associated with a high morbidity and mortality, which is to a certain extent due to associated injuries [1] [2] [3] [4] . Still, an increased number of rib fractures corresponds to a worse outcome, in part due to respiratory complications resulting from pain and an impaired ventilation capacity [5] [6] [7] . Consequently, superinfection leading to pneumonia and prolonged mechanical ventilation are common in patients with chest wall injuries [2] . It is important to distinguish between multiple rib fractures with and without a flail chest, as the latter is associated with an increased mortality rate and significant morbidity [8] [9] [10] [11] .
Nonoperative treatment has been the gold standard for the past few decades and is focused on the underlying pulmonary contusion-and rib fracture-associated complications, including pain, atelectasis, and compromised pulmonary hygiene [4] . Over the years, a trend has evolved towards operative treatment of flail chest as physicians aim to improve mortality rates and reduce the prolonged length of stay for these patients. In a recent systematic review, rib fixation in patients with a flail chest was associated with a reduced: intensive care unit length of stay, days on mechanical ventilation, mortality rate, pneumonia rate, and treatment costs, although evidence remains limited [12] . Studies investigating the effect of rib fixation in patients with multiple rib fractures are even more scarce, although two retrospective cohort studies showed promising results [13, 14] .
For both flail chest and multiple rib fractures, the indication for surgery is heterogeneously described in the aforementioned studies [12] [13] [14] . Therefore, no clear consensus on indication is available based on the current literature. It can be hypothesized that for patients with multiple rib fractures, early fixation might be beneficial. Therefore, the aim of this study was to compare rib fixation based on a clinical treatment algorithm with nonoperative treatment for both patients with a flail chest and patients with multiple rib fractures.
Methods
Study design and participants
All patients with three or more rib fractures admitted to one of the two contributing hospitals between January 2014 and January 2017 were retrospectively included in this multicenter cohort study. Both hospitals are academic tertiary referral centers with a level one trauma facility of similar size. Patients were included if they fulfilled the following criteria: age 18 years and older, blunt thoracic trauma resulting in multiple rib fractures (defined as three or more rib fractures) or a flail chest (defined as three or more consecutive ribs fractured in at least two places and clinical signs of paradoxical chest wall movement), and being alive 2 days after hospital admission (mean time till surgery). Exclusion criteria were: transfer to another hospital, initial admission in another hospital, no availability of a computed tomography (CT) scan, and rib fixation more than 4 days after trauma. Patients were followed from admission until discharge or death.
Eligible patients were identified using procedural codes and the Dutch National Trauma Registry. The non-operative group was formed by all patients with rib fractures admitted to the Radboud University Medical Center where treatment consisted of adequate pain management, supportive mechanical ventilation when indicated, and physiotherapy for breathing exercises according to standard national guidelines. Per protocol every patient with three or more rib fractures was considered for epidural analgesia, if needed this was supported by patient-controlled anesthesia (intravenous opioids). Epidural therapy was provided between days 1-5 after trauma. The epidural was removed after 5 days in situ due to the considered risk for infection. The surgical group consisted of all patients who had rib fixation performed in the University Medical Center Utrecht where the same non-operative treatment guidelines were followed, but in addition, rib fixation was considered according to a clinicalbased algorithm (Fig. 1) . Pain was arbitrarily defined as a numerical rating scale of 5 or higher during coughing or deep inspiration and if pain was suspected not to decrease over the subsequent days with adequate pain management. It was the subjective decision of the surgeon-on-call to perform rib fixation.
This study was approved by the institutional review board of the participating centers (METC 17-544/C and 2016-2861).
Surgical procedure rib fixation
All procedures were performed by one of the even senior trauma surgeons experienced in surgical treatment of rib fractures. Rib fixation is performed in this center since 2006. Preoperative planning of the procedure was done using chest computed tomography (CT) with 3D reconstructions. Preoperative antibiotic prophylaxis (2 g of Cefazolin) was administered intravenously in all patients. Depending on the site of the fractures, patients were positioned in the supine, lateral or prone position and the surgical approach was performed as described by Taylor [15] . In the case of intercostal muscle interposition, debridement was performed. After reduction, internal fixation using the MatrixRIB™ system (Depuy Synthes®, Amersfoort, The Netherlands) was performed. Fixation was preferably done with three bicortical screws on each side of the fracture. The number of fixed ribs was at the discretion of the surgeon, and depended upon the possibility to regain stability of the chest wall during respirations. Tube thoracostomy was only performed in the case of clinical suspicion of pneumothorax during surgery. Postoperative chest radiography was performed in all patients to document surgical result and to rule out complications. Patients were allowed to perform their daily activities as soon as possible.
Baseline characteristics
Data for the following baseline characteristics were extracted from medical records: age, sex, American Society of Anesthesiologists (ASA) score, trauma mechanism, Injury Severity Score (ISS), thoracic trauma severity score (TTSS), abbreviated injury scale (AIS) head, AIS face, AIS thorax, AIS abdomen, AIS extremities, number of rib fractures, bilateral rib fractures, concomitant injuries (pulmonary contusion, pneumothorax, hemothorax, sternum fracture) as recorded on the admission CT scan, and first available blood pH and base excess; additionally, for the surgical group: duration until surgery in days, duration of surgery in minutes, and number of surgically-fixated rib fractures. The ISS is a measure (range 0-75) of the severity of traumatic injury and is calculated by adding the square of the three highest AIS scores. The AIS is a standardized anatomicalbased coding system ranging from 0 to 5 to classify the severity of traumatic injury per body region. The AIS is registered in the Dutch National Trauma Registry by trained data managers based on radiology reports from admission CT scans and medical records. The TTSS is a score (range 0-25) based on number of rib fractures, pulmonary contusion, PaO 2 /FiO 2 ratio, age, and pleural involvement, and helps to predict outcome after thoracic trauma [16] [17] [18] . Rib fractures, pulmonary contusion, pneumothorax, and hemothorax were assessed on the admission CT scan.
Outcome measures
In line with previous trial reports, the primary outcome measure for patients with a flail chest was intensive care unit length of stay (ILOS) and for patients with multiple rib fractures, and hospital length of stay (HLOS). For both patient groups, secondary outcome measures were duration of invasive mechanical ventilation (IMV), duration of epidural analgesia, pneumonia, need for tracheostomy and in hospital mortality. Pneumonia was defined as having clinical signs (fever, coughing, desaturation) requiring antibiotic treatment, with or without positive cultures. Additionally, we assessed in hospital complications after rib fixation.
Statistical analysis
All analyses were stratified by patient group, i.e., performed separately for patients with a flail chest and patients with multiple rib fractures. Baseline characteristics were presented as proportions for categorical variables, mean and standard deviation (SD) for normally distributed continuous variables, and median and interquartile range (IQR) for non-normally distributed continuous variables. Differences in distributions of baseline characteristics between the study groups were quantified by means of standardized differences and statistical tests (t-test for normally distributed continuous data, Mann-Whitney test for non-normally distributed data, and chi-square test for categorical data) [19] .
We applied multiple imputation (25 times) to impute missing values for ASA [2.1% (7/332)], TTSS [20% (67/332)], AIS head [0.6% (2/332)], pulmonary contusion [0.6% (2/332)], pH [9.0% (30/332)], and base excess [9.0% (30/332)]. Multiple imputation was performed using the mice() algorithm in R [20] .
To control for potential confounding, propensity score (PS) matching was applied. To minimize the effects of selection bias, we matched patients from the 'operating' center with patients from the 'nonoperative' center, based on all baseline characteristics. First, a PS model was fitted using logistic regression analysis, with rib fracture fixation as the dependent variable, and age, sex, ASA-score, trauma mechanism, ISS, TTSS, AIS head, AIS face, AIS thorax, AIS abdomen, AIS extremities, number of rib fractures, bilateral rib fractures, concomitant injuries, blood pH, and base excess were included as covariates in the model. We performed 2:1 nearest neighbor matching, with a maximum caliper of 0.2 of the standard deviation of the logit of the PS using the Matchit() algorithm in R [21] . After matching, the balance in the distributions of baseline characteristics between the study groups was quantified using standardized differences, where a standardized difference < 0.1 is generally accepted as indicating fair balance of confounders between the matched treatment groups (i.e., successful matching) [19] .
In the primary analysis, for patients with a flail chest, we estimated the relation between rib fracture fixation and ILOS by means of linear regression analysis. For patients with multiple rib fractures, we estimated the relation between rib fracture fixation and HLOS by means of linear regression analysis. Secondary analyses focused on the relation of rib fracture fixation with duration of IMV and duration of epidural analgesia using linear regression analysis. The relation between rib fixation, pneumonia, tracheostomy, and in hospital mortality was assessed by means of a logistic regression analysis.
A two-tailed p value less than 0.05 was considered significant. All analyses were performed using R v3.4.1 [22] .
Results
A total of 332 patients were available for analysis (Fig. 2) . The overall mean age was 56 (SD 17) years old and 257 (77%) patients were male (Table 1) . Most patients were injured in a motor vehicle accident or after a fall from height resulting on average in 8 (SD 4) rib fractures and an overall mean ISS of 23 (SD 11).
Of the 92 patients with a flail chest, 37 (40%) had rib fixation and 55 (60%) had non-operative treatment (Fig. 2) . For the flail chest population, surgically treated patients had a lower AIS head and a higher blood pH. Among the 240 patients with multiple rib fractures, 28 (12%) had rib fixation and 212 (88%) had non-operative treatment. In this group, surgical patients had a significantly lower AIS head, higher AIS thorax, higher AIS abdomen, and higher number of rib fractures ( Table 1) .
The median time until surgery was 1 day (IQR 1-2) ( Table 2 ). The median number of surgically-fixated rib fractures for patients with a flail chest was 5 (4-6) and for patients with multiple rib fractures was 4 (IQR 3-5). Four (6%) patients were treated with both plate osteosynthesis and intramedullary splints; two patients with flail chest and two with multiple rib fractures. Nine (14%) patients had a postoperative complication. Two patients had a persistent postoperative pneumothorax and were treated with a chest tube. Two patients developed pleural empyema requiring video-assisted thoracoscopic surgery to evacuate the empyema. One patient had a postoperative tension pneumothorax and was treated with a chest tube. One patient had a hemothorax and required a thoracotomy to evacuate the hematoma. One patient had excess pleural fluid and was treated with a chest tube. One patient had a hematoma near the surgical incision and needed surgical debridement of the old hematoma. And one patient had a deep infection near the osteosynthesis material and was successfully treated with antibiotics. After propensity score matching, for patients with a flail chest there was no association of rib fixation and ILOS [confidence interval (CI) − 13.9 to 8.5, p = 0.638] and the secondary outcome measures (Table 3 ). For patients with multiple rib fractures, there was no association between rib fixation and HLOS (CI − 0.6 to 13.6, p = 0.074) and the secondary outcome measures (Table 4) .
Discussion
We compared rib fixation with nonoperative treatment for both flail chest and multiple rib fractures. After propensity score matching, adjusting for all anticipated confounding variables, rib fixation for a flail chest was not associated with differences in ILOS or the other outcome measures. Neither did we find a difference in HLOS for rib fixation in patients with multiple rib fractures, nor for the other outcome measures.
In our study, there was no association between rib fixation and the primary and secondary outcome measures compared to nonoperative treatment for patients with a flail chest. Three RCTs have been published on this subject. The first was from Tanaka et al. who studied 37 patients (18 surgical, 19 non-operative) with a flail chest unable to wean from mechanical ventilation and performed surgery on average 7 days after admission; they excluded patients with severe head trauma, spinal injury, and no development of respiratory failure [23] . Granetzny et al. compared 40 patients (20 surgical, 20 non-operative) with a flail chest and performed surgery 24-36 h after intensive care admission; they excluded patients with disturbed consciousness after head trauma, fractures of the upper three ribs, and severe associated trauma to other systems [24] . Marasco et al. studied 46 patients (23 surgical, 23 non-operative) with a flail chest who were ventilator dependent without prospect of successful weaning within 48 h and performed surgery on average 4.6 days after admission; they excluded patients of 80 years old and older, spinal injury, open fractures, and a Glasgow Coma Scale of < 10 at the scene or on admission [25] . All three studies reported a significant decrease in DMV and ILOS. One possible explanation for these contrasting results compared to our study might be the more restrictive inclusion criteria used in the aforementioned studies. In our study, all patients with multiple rib fractures or a flail chest were studied, including patients with head trauma or other severe injuries. Less strict inclusion criteria will result in a more diverse patient selection and will increase the generalizability of the results; however, it could also have diminished the effect of rib fixation in an already heterogeneous patient group. Interestingly, the ILOS of both the surgical (median 6 days; mean 8.9 days) and non-operative groups (median 3 days; mean 10.5 days) in our cohort were lower compared to Tanaka [23] [24] [25] . Also the DMV in our entire cohort was lower compared to the published RCTs.
In the current literature, only one study compared rib fixation with non-operative treatment for patients with multiple rib fractures without a flail chest. In a retrospective study with 124 patients, Qiu et al. reported a significantly shorter HLOS after rib fixation for multiple rib fractures compared to non-operative treatment (11.1 days vs 15.9 days; p = 0.013) and also found lower pneumonia rates (4.6% vs 17%; p = 0.025) [13] . Fitzgerald et al. performed a cohort study of patients 65 years old and older with more than one rib fracture, but did not report the number of patients with a flail chest [14] . In that study, rib fixation resulted in a decrease in mortality and respiratory complications compared to non-operative treatment. Khandelwal et al. presented a study with 67 patients (38 surgical, 29 non-operative) with only two patients with a flail chest in the surgical group [26] . They found a significant reduction in pain intensity and early return to work after rib fixation.
Few studies have reported on complication rates after rib fixation. Of the published trials, only Granetzny et al. reported a complication rate of 35% including pneumonia and mortality [24] . Other complications were empyema (5%), mediastinitis (10%), wound infection (10%), and chest wall deformity (5%). In another prospective study, Pieracci et al. reported an infection rate of 3% after rib fixation but did not report on other complications [27] . In our study, nine (14%) of the surgically treated patients had a postoperative complication.
The results of this study should be interpreted considering several limitations. The retrospective design of the study might have affected the outcome measures due to the effects of data loss and under reporting. Although a clinical (Fig. 1) . However, we are confident to have included all the potential factors associated with decision-making in the operating center in our propensity score matched model. Finally, there is still no good fracture classification to distinguish between fracture type and location. It is speculated that lateral and lower rib fractures are more painful due to increased mobility of the fracture parts. Fracture classification could influence success of rib fixation and this should be investigated in future studies. Even though this study is one of the largest studies reporting on this subject, the number of included patients is still relatively small and was possibly too small to detect relatively small yet clinically meaningful differences. Furthermore, as part of the between-hospital comparison and due to clinical practice, there were differences in the baseline criteria between the surgical group and the non-operatively treated group. However, using a propensity score model, we were able to successfully match on all measured baseline characteristics eliminating possible confounding due to measured patient characteristics. As with any observational study, our results are potentially biased by unmeasured confounding (e.g., subjective indications for surgery, pain scores and fracture classification), be it that we believe we have included most confounders in our analysis and the potential impact of unmeasured confounding therefore seems limited.
The University Medical Hospital Utrecht was the first hospital in the Netherlands to perform rib fixation for patients with flail chest and multiple rib fractures. With more than 7 years of experience, rib fixation has become an established procedure with a univocal clinical-based treatment algorithm, with its main focus on clinical signs of flail chest and pain. Nevertheless, no benefit could be demonstrated in this population with rib fractures who received early operative fixation in their clinical course. Therefore, results of this study, combined with the limited existing evidence and the substantial costs of surgical treatment, emphasize the need for future studies before rib fixation is embedded or abandoned in clinical practice, but also to identify specific patient groups who would benefit from rib fixation. These studies should focus on optimization of the indication and describe long-term outcome after rib fixation.
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